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Biological control has evolved from an obscure science
to a well-established field of study. Biological control
systems for citrus and subtropical fruit crops have been
studied at the University of Pretoria for more than 20
years. Various Bacillus spp. originally isolated from leaf
and fruit surfaces effectively controlled Cercospora
spot of avocado, anthracnose of mango and avocado,
Dothiorella/Colletotrichum fruit rot complex and stem
end rot of avocado and mango, soft brown rot on mango
and postharvest decay and secondary infections on
litchi and citrus. Control was achieved through semi-
commercial preharvest sprays or postharvest pack-
house dip and spray applications. Integrated treatments
involving antagonists combined with quarter-strength
or recommended dosage of fungicides, disinfectants or
natural plant extracts also effectively suppressed
postharvest diseases of avocado, citrus and mango.
Antagonist attachment, colonisation and survival were
studied using several techniques including viable
counts, electron microscopy and monoclonal antibod-
ies. Modes of action of these different antag-
onist–pathogen–host combinations indicated several
levels of interactions that were time and density-
dependent and included secondary metabolites, nutri-
ent competition volatiles and competitive colonisation.
Innovative alternatives to apply the antagonists in the
field were evaluated and included the use of foraging
bees to disseminate the antagonists to flowers and
woolly-based plastic caps to provide a slow release
effect for the antagonist under field conditions.
Commercialising the antagonists proved to be difficult
due to limitations in local registration guidelines. The
South African fruit industries and the University of
Pretoria currently hold the patent with regard to the for-
mulation and application of these biocontrol products.
One of these products, Avogreen (B. subtilis), a control
agent against Cercospora spot on avocado, has been
commercialised. This review discusses the problems,
opportunities and challenges in developing and com-
mercialising biocontrol agents in the African context.
Only once these complex antagonist–pathogen–host
interactions, microbial dynamic systems and environ-
mental impact on product performance are fully under-
stood, can biocontrol be truly regarded as a viable alter-
native to pesticides and will it provide some solution to
Africa’s critical crop protection needs.
The concept of biological control is not new to man and has
been used successfully since the earliest days of civilisation.
A new concept, however, is the successful commercialisa-
tion of biocontrol and its growing importance in crop protec-
tion. Also interesting, is the recent ‘acceptance’ particularly
by commercial growers and their willingness to try this new
alternative approach to disease control. Biocontrol has truly
evolved from a ‘shady science’ to a high output-driven
research field, successfully occupying a unique niche in
commercial and sustainable agriculture and, more specifi-
cally, organic production and integrated pest and disease
management (IPDM) systems. However, as with all dynam-
ic evolving fields of study, a typical exponential ‘growth
curve’, or ‘boom and bust’ cycle, can be identified, where the
expectations and realities do not necessarily meet.
The development of modern fungicides and the continu-
ous improvement in cold storage facilities and cold chain
management systems have resulted in improved shelf life of
perishable fruits and vegetables. In addition, global trade in
fresh produce has increased drastically due to increased
demands from sophisticated health conscious consumers
particularly in developed countries. This provides unique
opportunities especially for developing countries to access
lucrative international markets and thereby acquire valuable
foreign exchange. Competing on these markets obviously
requires adherence to new international trade agreements
and assurance of quality produce throughout the year.
Notwithstanding recent developments in postharvest tech-
nology, losses of up to 20% could still be recorded even in
countries with advanced cold storage facilities (Cappellini
and Ceponis 1984). In developing countries, postharvest
losses of up to 50% have been reported that are mainly due
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to poor or a lack of cold chain management systems (Eckert
and Ogawa 1985).
Although fungicides represent an important link in the food
chain in terms of assuring quality and shelf life, global pres-
sure on industry to reduce pesticide usage due to environ-
mental pollution, groundwater contamination, worker health
risks and the indirect affect on consumer health, have forced
industry to seek alternative options. One such viable option
previously shown to have great potential is biological con-
trol, which has been successfully adopted in integrated pest
management (IPM) systems. In terms of fresh fruits and
vegetables various reviews have covered the potential ben-
efits and opportunities for biocontrol in the postharvest arena
(Arul 1994, Janisiewicz and Korsten 2002a, 2002b, Pusey
1994). However, the complexity of microbial ecosystems
and the current lack of understanding of the dynamics that
drive these micro-biomes resulted in unrealistic expectations
of man’s ability to successfully manipulate these systems. A
lack of understanding of microbial dynamics in specific habi-
tats such as the phyllo- and fructoplane and rhizo- and litho-
sphere has resulted in a simplified ‘silver bullet’ approach to
provide quick and easy answers to complex problems. This
is particularly true for biological control in aboveground plant
diseases. The question is why is biocontrol not living up to
expectations or, is it still too early to truly judge this innova-
tive and promising field of science?
This review will focus on the current challenges faced by
researchers, commercial companies and distributors of bio-
control products particularly in African countries. Examples
from classical case studies related to biocontrol of fruit dis-
ease will be used to analyse opportunities within the African
context.
Historic Perspective on Biological Control
In their review and historic perspective on biological control,
Gurr et al. (2000) provided a chronological framework in
which to view the development of various methodological
approaches to evaluate empirical and theoretical inputs in
biocontrol. They broadly describe four periods starting with
the ‘Pre-scientific era’ (before 1880), which represents
examples of ant biocontrol systems in ancient China and
medieval Arabia. The second era is referred to as the
‘Classical era’ (1880 up to the age of DDT in 1939), repre-
senting the era of mostly insect biocontrol and the first
example of successful control of prickly pear in Australia. In
addition, the term biological control was first defined during
this period, which according to DeBach, as described by
Gurr et al. (2000), was in 1919 by HS Smith. However,
according to Baker (1987), CF von Tubeuf was the first to
use the term ‘biological control’ in 1914 in relation to plant
pathogen control.
The third era is generally referred to as the ‘Chemical peri-
od’, which represents the boom phase of pesticides. This era
was also the period of decline in interest and support for bio-
control. The only noteworthy exception was the effective
commercialisation of Bt (Bacillus thuringiensis) of which
Sporin was sold in France in 1938 (Gurr et al. 2000). The
‘Carson effect’ was originally underestimated but was clear-
ly the turning point for the agricultural industries. When
Silent Spring was published in 1962, the long-term impact of
the book was not realised and it was only in the new millen-
nium that the true significance of this landmark event was
recognised. Time magazine for instance, described the cen-
tury’s great minds (Time Magazine, 29 March 1999) and
afforded Rachel Carson the front page with other famous
scientists such as Einstein. The reality of this landmark
event is evident today through the increasing growth in
demand for organic produce, the recent success and gener-
al adoption of integrated pest management (IPM) systems
and the global adoption of Eurepgap, to more effectively
‘manage pesticide usage’ in a safe and sustainable way.
The fourth era is generally referred to as the ‘Integrated
era’, which, according to Gurr et al. (2000) lasted from Silent
Spring until the present. This period represents the broad-
ening of interest in biocontrol with increasing success stories
in other disciplines such as plant pathology and more partic-
ularly fruit disease control. During this period, a Code of
Conduct for the importation and release of exotic biocontrol
agents was published by the FAO and more restrictive reg-
ulations were adopted to regulate biocontrol product regis-
tration.
It might be appropriate now to add another era, the fifth, of
‘Biocontrol commercialisation’, due to the increased empha-
sis on biocontrol funding, development of new bioproducts,
their registration and the increased commercialisation of
these biocontrol products particularly for plant disease con-
trol.
Lessons to be learned from the chemical era
The fourth era can perhaps be correctly described as the
bust period for pesticides and the boom stage for biocontrol.
Yet, biocontrol still has to deliver to the extent that pesticides
did over a relatively short period of time (the ‘Chemical era’
lasted 23 years according to Gurr et al.’s framework com-
pared to the 44 of the ‘Classical era’ and 40 of the
‘Integrated era’). If one compares the first major commercial
success stories of pesticides vs biocontrol agents (Bordeaux
mixture for plant disease control 1885, Agrios 1997) and
DDT in 1939 vs Vedalia beetles imported into the USA
(1888) compared to Bt commercial sales for the 1950s, it is
evident that commercial acceptance of biocontrol runs over
a longer time scale.
Measuring efficacy and consistency of product perform-
ance, biocontrol agents have not yet delivered to the extent
that pesticides could. This may be partially due to products
being rushed into the commercialisation phase without ade-
quate and proper field trials. This aspect will be critical for
the future growth of biocontrol if it is to be sustainable in the
new fifth era. As an example, the history of biocontrol
research on fruit crops was originally regarded as being
successful in the laboratory, but a failure in the field (Wilson
et al. 1991). This was mainly attributed to the problems
associated with ineffectiveness when biocontrol agents were
moved from controlled laboratory conditions to commercial
field applications under uncontrolled and rather harsh envi-
ronmental conditions (Van Eeden and Korsten 2004).
Although several biocontrol agents are in commercial use
world-wide, some have been marketed prematurely, tending
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to reduce people’s faith in this approach. Biocontrol agents
have often been insufficiently tested in the actual environ-
ment (field), the complex systems of antagonist, pathogen,
epiphyte and host interactions have not been adequately
understood and little is known about the long-term effect and
microbial dynamics of mass-released microorganisms in
already disturbed agricultural ecosystems. 
Biological control practitioners are under increasing pres-
sure from both the scientific community and society in gener-
al to improve on their predictions in terms of safety and effec-
tiveness of controlled organism introductions (Gurr et al.
2000). Conservation biologists have further been particularly
concerned with non-target biocontrol interactions, which
might lead to adverse effects on native species. Of even
greater concern is the uncontrolled mass release of microbial
antagonists into the environment without any required impact
assessment studies to determine the non-target effect on the
natural microbial biodiversity and the impact on worker safe-
ty in terms of a growing immuno-compromised (HIV/AIDS)
worker profile, particularly in the African context.
A final aspect to take note of is the general change in atti-
tude of the chemical companies during the ‘Integrated era’.
Agricultural companies have now taken on a more ‘social
awareness’ and ‘environmental concerned’ approach, work-
ing more closely with farmers in terms of providing a more
holistic or integrated approach to disease management. In
addition, chemical companies are more closely involved in
recycling of obsolete pesticides and containers and fully
support Eurepgap through sponsorships and development
of decision support systems. However, there is much that
the biocontrol sector can learn from the successes and fail-
ures of the chemical industry.
Definition of biological control
The need to provide a conceptual foundation for biological
control to support its empirical basis was realised earlier by
entomologists. The theoretical concept that must underlie
the practice of biological control has been described as hav-
ing elements of the ‘Control theory’ and the ‘Predator-prey
theory’ (Berryman 1999). Both of these apply to insect bio-
control systems, but the concept can be extended to bio-
control of plant diseases. The ‘Control theory’ is primarily
focused on negative feedback to ensure long term stability
in complex systems, while the ‘Predator-prey theory’ focus-
es on fluctuating numbers in ascending periods of develop-
ment. If we compare the definition selected for biological
control that underscores these theories, i.e. ‘the control or
regulation of pest populations at innocuous densities by their
natural enemies’, alternative theories for plant disease bio-
control can be identified. Although numerous definitions of
biological control have been developed for control of plant
diseases and existing ones have been adapted, broadened
and changed, the basic definition of Baker and Cook (1974)
still captures the very essence of biocontrol. According to
them, biological control is the ‘reduction of inoculum density
or disease-producing activities of a pathogen in its active or
dormant state, by one or more organisms, accomplished
naturally or through manipulation of the environment, the
host, or antagonist, or by mass introduction of one or more
antagonists’. Therefore ‘Inoculum reduction to economically
acceptable disease threshold values’ can be considered the
critical requirement for biocontrol systems in plant pathology.
This is of particular importance in the African context, where
sustainable agriculture plays an important role.
Microbial biodiversity
It is estimated that 10–30 million spp. of organisms exist on
earth, of which fungi represent 1.5 million (Hawksworth
1997). Most of these have not yet been evaluated for their
usefulness (Schumann 1998). As only 72 000 species were
taxonomically accepted in 1993, the question remained what
happened to the rest (Hawksworth 1997). It is estimated that
we lose 10 000 species per year, based on the fact that for
every plant species eliminated, up to 15 other species are
unable to survive. Around 4 300 fungal genera are known, of
which c. 50 000 species are parasitic or saprophytic (Horst
1990). In comparison to the 80–100 species of bacteria,
over 8 000 fungal species are associated with plant disease
(Horst 1990). This represents only a fraction of the total
microbial pool in nature. The diversity among prokaryotic
organisms is expressed by 4 000 validly described spp.
What is of concern is that only 0.2% of all biological spp
described is prokaryotic (Stackebrandt 1997). In most bio-
control studies, relatively small percentages of natural
antagonists have been recorded, which usually represent
less than 10% of the isolated species (De Jager et al. 1993).
It can therefore be assumed that vast untapped natural
resources of potential useful antagonists still exist in nature.
However, many of these may be lost to man due to the
threat to natural habitats and the rapid loss of biodiversity.
South Africa is regarded by many as a country with a
unique biodiversity, with one of the smallest but richest floral
kingdoms in the world. Similar unique fauna biodiversities
are present on the continent and it can therefore be con-
cluded that an equally unique rich microbial biodiversity
should be present in order to sustain such diverse and
unique fauna and flora. Yet, very little is known of this diver-
sity and its potential for commercial exploitation. What is
also of importance is the potential loss of such species due
to destruction of natural habitats, pollution, desertification,
global warming etc. Furthermore, the non-target effect of
commercial mass-release of biocontrol agents into the envi-
ronment without proper and adequate impact assessment
studies is a point of concern for biocontrol researchers.
Thorough impact assessment studies are not currently
required for registration of locally-isolated biocontrol agents
but are required for imported cultures. In the case of eco-
logically sensitive or disturbed ecosystems such as in agri-
cultural production systems, mass release of microbial
agents could have a detrimental effect on microbial biodi-
versity over time. This aspect should therefore be continu-
ously monitored and properly managed. In biocontrol of
insect populations, scientists soon realised the devastating
effect of improperly managed mass release of predators.
This lesson still needs to be learnt by researchers working
on biocontrol of plant diseases.
Ecological approach to plant disease control
In biological control of leaf and fruit diseases, the focus has
shifted from randomly introducing single antagonists to the
infection site to a more ecological approach of manipulating
the natural epiphytic populations for disease control
(Blakeman 1985, Andrews 1992, Fokkema 1993). To exploit
these, the diversity and population density of representative
isolates from the aeroplane were quantified, and their eco-
logical roles determined as a baseline study for the biocon-
trol programmes on avocado, citrus and mango (De Jager et
al. 2001, Opperman and Korsten 1995). The phylloplane,
and to a lesser extent the fructoplane, provide microhabitats
suitable for colonisation by epiphytic bacteria, filamentous
fungi and yeasts (Preece and Dickenson 1971, Dickinson
and Preece 1976, Blakeman 1981, Fokkema and Van den
Heuvel 1986, Morris et al. 1995). A significant proportion of
these epiphytes represent natural antagonistic populations.
In their study, Korsten et al. (1995) and De Jager (1999)
found a 7% and 10% natural antagonistic population repre-
sentative of epiphytic populations isolated from avocado and
mango surfaces. Negative interactions between microbial
populations tend to dominate during high population densi-
ties, which were found to be prevalent mainly during spring
and autumn (De Jager et al. 2001). These natural antago-
nistic populations can be exploited to attain natural disease
control and to have a better understanding of the non-target
effect of various production practices on population dynam-
ics (De Jager et al. 2004). Although microbial population
dynamics provide an essential baseline tool for better
understanding biocontrol systems, the work remains tedious
and difficult and would greatly benefit from a more molecu-
lar approach of comparing population dynamics using total
DNA profiles from plant surface microflora. This technology
seems promising, but may only provide information in terms
of population dynamics and not antagonistic potential.
Importance of postharvest diseases
Fresh fruit and vegetables are particularly susceptible to
attack by mostly fungal and to a lesser extent bacterial phy-
topathogens in the postharvest arena. Losses at this end of
the food chain have a significant effect on food security
since it represents the cumulative cost of production, har-
vesting, packaging, transport and usually cold storage.
Postharvest losses are furthermore the highest in underde-
veloped countries, where around 50% of marketable pro-
duce goes to waste due to microbial disease (Ippolito and
Nigro 2000). Microbial infections can start preharvest from
flowering until harvesting. Infections often remain incipient or
quiescent, until disease symptoms develop during ripening.
In terms of quality, environmental changes, bruising or
wounding, changing moisture content and weakening of the
fruit’s inherent defense mechanisms impact directly on
symptom development (Eckert and Ogawa 1985, Johnson
et al. 1989, Jarvis 1994). Harvesting methods, length of stor-
age and marketing conditions are key factors in post-harvest
disease development (Ippolito and Nigro 2000). In terms of
Africa, the focus on reducing postharvest losses is crucial if
food security is to be adequately addressed.
In order to control postharvest diseases, both pre- and
postharvest approaches can be useful in the prevention of
pathogen establishment and infection. Currently, only cop-
per based fungicides are registered in South Africa for con-
trol of anthracnose in the preharvest environment (Nel et al.
1999). Biocontrol agents such as B. subtilis and B. licheni-
formis have shown great potential when applied preharvest
during fruit development to control postharvest diseases
(Korsten et al. 1993).
Isolating and screening natural antagonists
Biocontrol agents are usually obtained from a region climat-
ically similar to the area in which the agent will be released.
This ‘eco-climatic’ matching according to Wapshere (1985)
as quoted by Gurr et al. (2000) is thought to maximise both
the success rate of agent establishment and population
increase after establishment. Thus far in the field of biocon-
trol of insect pests, the former approach has been more suc-
cessful. In retrospective analysis it was concluded that mis-
matching of ecoclimates was not the major cause of failure
of introductions. In the case of biocontrol of plant diseases,
an additional dimension comes to the fore when seeking bio-
control agents: it is important to start with an area or orchard
where the disease occurs, focusing on an a spot or tree
where the disease is absent amidst the high inoculum pres-
sure, thereby using an escape tree concept. One of the crit-
ical parameters for antagonists once applied is successful
colonisation, which is dependent on the habitat specifics
such as wax structures, topography and exudates present.
The most important and critical parameter for the successful
isolation of antagonist is therefore the original site of isola-
tion, where a combination of similar host, ‘climatic matching’
and the ‘escape tree’ concept could be combined.
Several approaches have been taken to isolate and sub-
sequently screen biocontrol agents against various
pathogens (Smilanick 1994). Yet, Africa with its unique bio-
diversity should provide a myriad of organisms with potential
to be used in biocontrol systems. The options are clear:
importing foreign micro-organisms known to be antagonistic
or selecting our own unique isolates. It almost seems illogi-
cal not to develop our own unique commercial antagonists
with a known ability to survive and effectively compete in our
natural ecosystems. Thus far, the approach has been to
select natural antagonists from crops where we aim to apply
it. For instance, Avogreen, the first commercial biocontrol
agent in South Africa used for control of avocado
Cercospora spot disease (Korsten et al. 1997) was original-
ly isolated from avocado leaf surfaces of cv. Fuerte in
Tzaneen, Limpopo. Similarly Mangogreen, the mango bio-
control agent currently in the process of being registered for
use to control mango fruit diseases, was isolated from leaf
surfaces of mango cv. Kent near Tzaneen (Burger and
Korsten 1988). Citrusgreen, developed to control Penicillium
rot on citrus, is also in the process of being registered and
was also originally isolated from Valencia citrus fruit surfaces
obtained from Letaba, Limpopo Province (Obagwu and
Korsten 2003). In all cases, leaf or fruit samples were col-
lected from the major production region and the commer-
cially popular cultivar.
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Once successfully isolated, it becomes critical to immedi-
ately purify and preserve the isolates while subcultures are
used in further screening and identification. Maintaining a
culture collection becomes a critical prerequisite for an effec-
tive biocontrol research programme. Promising isolates
need to be submitted to an international culture collection
once the product reaches the commercial stage and when
the process is patented. Stealing of isolates once commer-
cially sold is surprisingly common and all possible precau-
tions should be taken to fingerprint the antagonist. New reg-
ulations in South Africa will require a complete description of
the isolation date, place and habitat as part of the product
registration requirements (Mareli Krause, personal commu-
nication, National Department of Agriculture, SA). Finally it is
crucial that genetic stability of isolates be monitored over
time.
Different strategies have been selected to screen micro-
bial populations for antagonism against one or more select-
ed pathogens (Smilanick 1994). The most common
approach has been to start with in vitro dual culture assays.
Although this technique is rapid and can easily provide the
first step in selecting potential antagonists it remains a
method by default. The dual culture method may provide
some additional information in terms of mode of action but
may be too one-sided to give a true reflection of antagonis-
tic potential at a first level of screening. Known potential
antagonists may be discarded while ones primarily based on
secondary metabolite production may be favoured.
Currently the dual culture method has been ISO 17025
accredited at Plant Pathology Laboratories, University of
Pretoria as a test method (PPL 0007) to screen and evalu-
ate antagonists against a wide spectrum of pathogens and
to evaluate the level of inhibition in purity checks. This
accredited method can be used by commercial companies
to screen their products for purity and activity as part of a
batch analysis system for quality control, an aspect that will
in future become a critical minimum requirement for com-
mercialisation.
Mode of action
Information on the mode of action is crucial for the success-
ful development and adoption of any biocontrol strategy.
Such information is critical for development of a selection
strategy to select more effective antagonists, to optimise
application methods and for correct timing of field sprays. It
is also important to develop appropriate formulations to
enhance the efficacy of the antagonist and for product reg-
istration purposes. In general, the mode of action of biocon-
trol agents is poorly understood due to the complex nature
of microbial ecosystems on plant surfaces (Atlas and Bartha
1998). Microbial interactions are in a continual state of fluc-
tuation between positive and negative interactions to main-
tain the ecological balance and population density dynam-
ics. The mode of action of biocontrol antagonists represents
complex systems that involve one to several levels of inter-
actions, simultaneously over a period of time. Of these inter-
actions nutrient competition, site exclusion, induced host
resistance and direct interaction between the antagonist and
pathogen are most commonly known.
In order to study pathogen-antagonist interactions it is
often easier to first study the system in vitro to obtain a bet-
ter understanding of possible mechanisms involved before
evaluating the situation on the host and in nature. In gener-
al, conclusions regarding modes of action are usually based
on indirect evidence (Droby and Chalutz 1994). In our stud-
ies of B. subtilis the mode of action was studied in vitro and
in situ using a range of different methods. Several modes of
action were found to dominate at different stages of host
pathogen interactions (Korsten et al. 1993). Nutrient compe-
tition, site exclusion and secondary metabolites played a
role preharvestly, while nutrient competition and inhibitory
volatiles were critical parameters in the postharvest arena
(Havenga et al. 1999).
Monitoring antagonist survival
In order to accurately predict behaviour of biocontrol agents
upon release in nature, an efficient monitoring or marker
system needs to be used. This is particularly important since
information in terms of antagonist survival is required prior to
product registration. Furthermore, tracking the antagonist
once released could provide important information in terms
of non-target effect and interactions with other natural epi-
phytes as well as in situ mode of action. Biological control
using bacterial anatagonists is currently constrained by the
lack of accurate knowledge of the behaviour of the intro-
duced antagonist in the environment (White et al. 1999).
Microbial activity can be defined at two levels; metabolical
and biological. To ensure fitness of the biocontrol agent,
both must be considered in relation to the environment and
how the introduced antagonist behaves once it is released
(White et al. 1999). The current main focus for the use of
marker technology with biocontrol agents is to determine
spatial relationships between antagonists and the pathogen
by tracking the antagonist once it is released. White et al.
(1999) described several microbial marker systems, which
can be used to track bacterial biocontrol agents. These
include genetically introduced traits, which express
detectable phenotypes and include bioluminescence (lux or
lacZY) and B-glucoronidase (GUS) or resistance markers
(heavy metals and antibiotics), as well as PCR detection of
specific sequences.
Towsen (1996) developed monoclonal antibodies against
B. subtilis to monitor its survival on avocado leaves in the
field. Although this method proved adequate in greenhouse
studies, it lacked sensitivity under field conditions. Van
Eeden and Korsten (2004) used a standard dilution series to
measure B. subtilis survival over time on avocado leaves
after commercial field sprays. Although not as sensitive as
the monoclonal antibody technique, this method proved suf-
ficiently robust for field evaluations and gave adequate indi-
cations of residual antagonist levels in orchards. Demoz
(unpublished data) and Mphahlele (2004) used fluorescent
powder mixed into the biocontrol pollen traps to monitor bee
dissemination of antagonists to avocado and citrus flowers
respectively. This method proved very effective to monitor
antagonist deposition on flowers at night, but was restrictive
in terms of studying other behavioural patterns.
Antagonist attachment, survival and colonisation have
been monitored by various workers using mainly electron
microscopy studies. Silimela (2004) illustrated the effective
attachment and colonisation of B. licheniformis on mango
leaves through glycocalyx formation and biofilm formation.
Bacillus subtilis could effectively attach to avocado leaves
and could colonise between the wax rodlet structures
(Towsen et al. 1995). Higher survival rates were also record-
ed on the abaxial than adaxial surfaces.
Evaluating antagonist performance in semi-commercial
trials
Evaluating potential biocontrol products in semi-commercial
trials under different climatic conditions over several years
and on different cultivars remain one of the critical elements
of a biocontrol programme. Building up a performance port-
folio for chemical products has long been a standard pre-
requisite for product registration. Correct experimental
design, application programmes and equipment used, data
recording, and statistical and cost analyses are critical
parameters for product performance evaluations.
Experimental procedures will need to be followed according
to Good Laboratory Practices (GLP) for all data submitted
for product registration. It is therefore critical that application
schedules, experimental design and treatment combinations
be appropriately selected to provide the required information
for product registration. Bacillus subtilis (Avogreen) was
applied in field trials for several seasons and at two major
production areas that were geographically distinct. The
experiment was also done on the commercial important cul-
tivars Fuerte and Hass and was evaluated for control of pre-
(Cercospora spot) and postharvest (anthracnose and stem
end rot) control (Korsten 1993, Korsten et al. 1997). Efficacy
was evident over several seasons, but once the product was
used on a commercial scale, variation in effectiveness was
reported from certain growers (Van Eeden and Korsten
2004). The Avogreen product was also evaluated over sev-
eral seasons in postharvest dip and wax applications, either
on its own or integrated with reduced concentrations of
prochloraz or disinfectants (Korsten et al. 1993, 1995).
Bacillus licheniformis (Mangogreen) was similarly evaluat-
ed in field spray applications from flowering until harvest on
a monthly basis to control preharvest bacterial black spot
and postharvest anthracnose and stem end rot (Korsten et
al. 1995, 1997, Silimela and Korsten 2002). Similar combi-
nations of different production areas and cultivars were
selected and effective control could be obtained for anthrac-
nose but not consistently so for black spot or stem end rot.
Similar extensive packhouse trials were run using
Mangogreen applied as either a dip or spray application, or
in combination with different hot water treatments or disin-
fectants. Obagwu and Korsten 2003a were able to demon-
strate that both Avogreen and newly isolated B. subtilis from
citrus fruits could reduce Penicillium rots when applied
postharvestly. In addition, garlic extracts and Coprosma
repens plant extracts on their own or integrated with the bio-
control agent could provide similar levels of control (Obagwu
and Korsten 2003b). By combining sodium bicarbonate with
the B. subtilis isolates from citrus more consistent levels of
control could be achieved comparable to the commercial
fungicides currently used in the industry.
In all cases, initial semi-commercial trials were performed
with the unformulated product prepared in the laboratory,
whilst subsequent final semi-commercial trials were done
with the commercial product formulation. Initial variation in
product performance was evident and required extensive
optimisation of product formulation.
Predictive modelling of biological control systems
The complex nature of microbial interactions on plant sur-
faces are well known and have shown potential in providing
sustainable disease control if antagonists can be managed
or applied to ensure effective prevention of pathogen estab-
lishment and infection. This requires detailed information
regarding microbial composition, establishment and adapta-
tion to environmental parameters. According to Yang (1997),
Anderson and May developed a general predictive model-
ling system in 1979 for infectious diseases. Hocher modified
this system in 1989 to study host-pathogen interactions in
different biological systems. Yang (1997) used this concept
to develop a general model for infectious diseases using bio-
logical control of weed populations. He examined key com-
ponents of control efficacy virulence and survival capacity of
biocontrol agents, also introducing population concepts such
as equilibrium and stable cycles. Since host populations
have a maximum reproductive capacity, the reproductive
rate is dependent on host population density. This depend-
ent relationship will affect the dynamics of host-pathogen
interactions. In order to better understand product perform-
ance under different environmental conditions, Avogreen
was used as a commercial biocontrol system to build a pre-
dictive model to more effectively target application sched-
ules to ensure more consistent control (Van Eeden and
Korsten 2004). Cercospora spot forecasting models have
been developed in South Africa on a regional basis monitor-
ing pathogen levels, spore release patterns and environ-
mental factors (Darvas 1982). In order to reduce the number
of copper sprays and ensure more effective and consistent
levels of control, the Cercospora model was extended to
include biocontrol (Van Eeden and Korsten 2004).
Innovative approaches
Application methods of biocontrol agents have always been
based on traditional methods used for pesticides. In addi-
tion, biocontrol applications were planned to be least disrup-
tive for the grower and were required to fit in with pesticide
application schedules and methods, regardless of the
unique characteristics and mode of actions of biocontrol
agents. In fact, technology was never developed specifically
for the field of biocontrol. Biocontrol has mostly been com-
pared to the best-known or commercially available chemical
instead of being evaluated within its own ‘framework’ as an
alternative approach to plant disease control and not as a
replacement for chemical control. Scientists needed to pio-
neer new unique approaches to apply biocontrol agents to
benefit the antagonist and ensure successful attachment
and colonisation. Growers that are committed to the suc-
cessful establishment of integrated or organic production
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systems are usually also willing to adopt alternative applica-
tion strategies and new technologies.
Applying biocontrol agents in the preharvest environment
has its own unique set of challenges compared to hydro-
ponic systems and postharvest applications, which provides
a more controlled and targeted environment. In the 1980s,
Pusey (1989) and Korsten et al. (1993, 1995) for instance
already described the difficulty of successfully establishing
biocontrol agents in the preharvest compared to the posthar-
vest environments. It remains a challenge to ensure that
biocontrol agents are applied directly to the target site in field
applications, particularly when infection takes place through
the flowers, even for fungicide applications. In addition, flow-
ers do not open simultaneously and therefore require multi-
ple applications to provide adequate protection throughout
the flowering period (Thomson et al. 1992). Spraying contin-
uously is an impractical, uneconomical solution. An alterna-
tive approach was therefore required, particularly for bio-
control systems that need adequate effective colonisation of
the infection court prior to arrival of the pathogen.
Insects are known vectors of plant pathogens and have in
certain cases evolved close mutualistic relationships with
microorganisms (Atlas and Bartha 1998). Flower-visiting
insects seeking nectar and pollen have the best potential to
deposit micro-organisms directly at the target site. Thomson
et al. (1992) found that bees effectively dispersed antago-
nistic bacteria to flowers in commercial pear and apple
orchards. Johnson et al. (1993a, 1993b) confirmed that bees
could effectively disperse Erwinia amylovora and its antago-
nistic bacteria Pseudomonas fluorescens to apple and pear
blossoms. Mphahlele (2004) showed that Bacillus subtilis
(Avogreen) could effectively attach to the torso of foraging
bees and subsequently be deposited on and colonise citrus
flowers, to prevent infection by Alternaria solani. Similarly,
Demoz (unpublished data) illustrated effective colonisation
of avocado flowers and prevention of establishment and
subsequent infection of Colletotrichum gloeosporioides
(which causes early blossom drop and postharvest stem
end rot) using the same antagonist as Mphahlele. Similar
work has been reported for field applications to control
strawberry diseases caused by Botrytis cinerea on stamens
and petals and in controlling fruit rot (Peng et al. 1992).
Honeybees can therefore be effective vectors to deliver
biocontrol agents to the actual infection court where the
pathogen and antagonist interact (Hattingh et al. 1986). This
technology requires careful consideration of quantitative,
spatial and temporal relationships of pathogen and antago-
nist populations in the specific stamen niche. Foraging bees
have been shown to effectively vector fungal spores formu-
lated as powders (Sutton and Peng 1993) or bacterial antag-
onists that are either freeze-dried, absorbed on to apple or
cattail pollen (Thomson et al. 1992) or produced on an inert
carrier (Mphahlele 2004, Demoz 2004). Yet, the commercial
viability and large-scale adoption of this approach still needs
to be illustrated. One of the major hurdles in successful
adoption of this technology was the continual supplementa-
tion of the biocontrol agent to the hive throughout the day. To
provide an effective alternative Mphahlele (2004) developed
a continual feeder concept to ensure consistent supplies to
the container at the exit opening of the hive, which was spe-
cially designed not to disturb the foraging habits of the bees.
This solar panel driven feeder concept proved effective in
field trials but will have to be secured to prevent theft, as was
the case in this study. This highlighted the unique challenges
faced in developing a sustainable approach that can be
used by both commercial and small-scale growers.
Another innovative approach to apply the biocontrol agent
more directly and continuously over an extended period of
time to the target site was the woolly cap concept developed
by Silimela and Korsten (2002) (Figure 1). Mangogreen
(Bacillus licheniformis) was applied to a woolly base
attached to a plastic cap that was attached on top of the fruit
to protect it from sunburn and to provide a slow release
effect of the antagonist. This approach not only showed
potential to control pre- and postharvest fruit diseases of
mango, but also to prevent sunburn. The woolly-based caps
had a more secure fit to the pedicel and were less likely to
swirl around the fruit during strong windy conditions, result-
ing in early fruit drop. These woolly biocontrol impregnated
caps could be re-used the following year by adding new bio-
Figure 1: Plastic woolly caps impregnated with Bacillus licheniformis to control mango fruit disease
control product to the woolly base. Another major advantage
of this concept was that growers could be assured of crop
protection during extensive periods of rain when spraying of
orchards becomes impossible. The impact of soil com-
paction can also be reduced since heavy spray vehicles will
not be required. This concept holds particular value for
small-scale growers since manual labour is required to
attach the caps to individual fruit. The continual slow release
effect provided by the woolly base concept is innovative and
very applicable in the African context.
Product registration
Registration of biocontrol products is in all likelihood the
most frustrating part of any biocontrol initiative. Knowledge
of registration procedures and guidelines for information and
data required are still lacking in most African countries. This
information is either not available or government officials are
as confused as prospective biocontrol commercial compa-
nies. South Africa is no exception and the cost of efficacy tri-
als, registration and toxicological testing are considered
excessive. Globally, it has now been recognised that stum-
bling blocks in the registration process of biocontrol products
are hampering further development and subsequent funding
of biocontrol projects. Attempts have been made to har-
monise global registration guidelines and the Organisation
for Economic Co-operation and Development (OECD)
Biopesticide Steering Group are re-evaluating the current
product registration situation and are compiling a work plan
for the development of regulatory guidelines for microbial
products and pheromones (S Rogalska, Anchor yeast per-
sonal communication). In the USA, the concept of ‘general-
ly regarded as safe’ (GRAS) clearance has been recognised
as an important aspect in evaluating natural products for
safety.
Discrepancies between registration requirements in differ-
ent countries and concern over release of non-indigenous
micro-organisms hamper global distribution of biocontrol
products (Whipps and Lumsden 2001). Both the commercial
use and acceptability of biocontrol products are likely to
depend on the perceived need for the products, the level of
input for further development and the ability of commercial
partners to overcome constraints or bottlenecks in the sys-
tem. In South Africa, all agricultural products used in disease
control must be registered under the Agricultural Remedies
Act No. 36 of 1947. Registration in South Africa currently
comprises two sections, which are reviewed by two different
organisations, i.e.:
• National Department of Agriculture (Sub-directorate,
Agricultural Production Inputs) for Product Registration
• National Department of Health (Directorate Food Control)
for Toxicology. 
In the case of Avogreen, the registration process took
three years to finalise, mainly due to a lack of proper regu-
latory guidelines for biopesticides at the time of application.
Avogreen registration was applied for in December 1996
and was finally awarded in February 2000. During this peri-
od, a regulatory document was compiled by the National
Department of Health based on the recommendations of an
informal expert group of the International Programme on
Chemical Safety (IPCS). The IPCS document was compiled
from the guidelines of various countries. The South African
biopesticide regulatory document ‘Guidelines for the toxico-
logical evaluation of microbial pest control agents’ was only
released in 1999 and now provides a framework for toxico-
logical evaluations of microbial products.
The most important information currently required in South
Africa for registration is:
• Pharmacology, toxicology and environmental impact stud-
ies of the active ingredient(s) as well as toxic metabolites.
Only data from reputable laboratories conforming to good
laboratory practices (GLP) are accepted.
• Experimental data on the biological efficacy (at least two
years of field data generated by a GLP accredited labora-
tory) and, where applicable, phytotoxicity and residues of
the commodity under South African conditions.
In terms of human health and safety, several toxicological
requirements are applicable and are performed according to
three tiers:
Tier 1: An evaluation of the potential risk due to pathogenic-
ity, infectivity and toxicity.
Tier 2: More information where infectivity or toxicity is
expected without any evidence of pathogenicity.
Tier 3: Pathogenicity exists.
The tests are performed in accordance to the OECD
Guidelines/US–Environment Protection Agency (EPA)
Testing Guidelines (Goettel et al. 2001). In certain cases
additional tests can be required, i.e.:
• Mutagenicity tests 
• Oncogenicity 
• Immuno-deficiency 
• Primate infectivity/pathogenicity
• Reproductive and fertility effect
• Any other studies as required based on consultation with
the regulatory authorities.
Environmental toxicology and fate and behaviour in the
environment are critically important and also need to be
addressed. Additional information that might be required
include fate and behaviour of the antagonist, spread, mobil-
ity, multiplication and persistence in different habitats such
as air, water and soil, as well as information concerning pos-
sible fate in the food chain. An additional area of concern is
the ecological impact of the mass release of microbial
organisms in an environment already stressed by modern
agricultural practices and monoculture. The lack of knowl-
edge in South Africa regarding its own microflora, its diversi-
ty, protection and potential exploitation makes eco-testing a
vitally important part of any future minimum requirement for
biopesticide registration. Current government efforts to
establish a microbial diversity working group to protect our
natural microbial diversity is underway and will set the pace
for national reform and regulation in terms of exploitation of
our microbial wealth.
Commercialising biocontrol
Finding an organism that is active against a plant pathogen
and actually provides effective, consistent control once com-
mercialised, remains a challenge. The most important
aspect facing commercial production of biocontrol agents is
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economic viability within a final cost structure comparable to
chemical control. Production systems also need to be devel-
oped to attain output levels for sufficient, sustained product
quantities required for marketing. Production systems also
need to deliver an end product adhering to consistent high
quality, quantity and purity within a quality assurance frame-
work and assurance that product efficacy, is retained. The
product also needs to be predictable in its action, stable with
an extended shelf life, user friendly and, in South Africa, reg-
istered under Act No. 36 of 1947.
Although effectivity and predictability are usually deter-
mined during the initial laboratory research phase, product
performance can be influenced by commercial formulation.
For instance, the medium selected or developed during ‘up
scaling’ may influence final product performance, an issue
often overlooked by researchers. In terms of Avogreen,
which consists of the active ingredient B. subtilis, up scaling
was found to be fairly easy. However, when prepared in a
reactor using a complex medium, the tested final product
proved inconsistent and could even occasionally stimulate
pathogen growth in postharvest control studies (Towsen and
Korsten 1998). The stimulatory effect was mainly due to
excess nutrients present in the final preparation that were
selectively utilised by the pathogen. Additional experimenta-
tion was required to develop a minimal medium supporting
growth of only the biocontrol agent, simultaneously ensuring
sufficient final concentrations (1 x 109 cells g–1 product). It is
therefore imperative that the correct medium is developed at
an early stage to prevent delay once the commercial phase
has been reached. In addition, early release of a product to
capture the niche market but without proper efficacy studies
with the final delivered product can result in a loss of grow-
er confidence and eventual market shares.
During the product formulation phase, Korsten et al.
(1994) evaluated several complex and minimal media and
even some citrus waste products for commercial fermenta-
tion systems. A medium was developed to attain maximum
yield using the cheapest possible ingredients. However, in
this case the use of a minimal medium was found to be more
expensive in terms of final commercial production costs
compared to the complex medium. Under these conditions,
production time becomes crucial for end-point product deliv-
ery. In terms of the minimal growth medium growth rate was
slower, requiring an overall longer production time.
However, using a minimal medium was easier in terms of
reduced risk of contamination, making axenic culturing less
risky. In general contaminating organisms should not consti-
tute more than 1% of the final product counts, depending on
the biocontrol agent used and its final intended usage
(Steyn, personal communication). In terms of product quali-
ty assurance and food safety concerns, a zero level of con-
tamination may be required, particularly if the product is des-
tined for post-harvest applications.
Production costs of biocontrol agents are not only affected
by the growth medium and culturing (fermentation) process
used but also by the packaging method and material as well
as distribution and storage conditions. Making a liquid
preparation in the case of Avogreen was found to be more
expensive than a similar wettable powder-based prepara-
tion. On-line production costs using the same initial culture
volume and obtaining the same final product concentration
to attain the desired number of viable propagules were high-
er when working with the liquid fermentation system. The
advantage of the powder carrier was that it could be pre-
pared in advance through a simplified process, taking pres-
sure off the production time. Storage and transport of the
wettable powder is also less expensive and less subject to
breakage and contamination. Not only could the powder
product formulation sustain excellent cell and biomass den-
sities and good shelf life but also be more affordable in terms
of product and marketing costs. 
For Avogreen, both an inorganic carrier (SA registration
number L 6685) and a liquid formulation (SA registration
number L 6533) were registered for use in pre-harvest appli-
cations. The development of different formulations was
required to address the different needs of growers in terms
of mixing, integration with existing chemicals and application
methods, which varied between low and high volume spray-
ing equipment and systems used. Application guidelines
were subsequently developed for the various commercial
application systems used.
Product stability is essential for effective commercialisa-
tion of biocontrol agents. In terms of Avogreen, a minimum
six-month shelf life was required for a commercially viable
product to be commercially viable from a production point of
view, still ensuring ultimate product performance. The most
important aspect in determining shelf life is viability and total
concentration. Viability should remain above a minimum
concentration specified on the label. In the case of
Avogreen, viable bacterial counts in excess of 109 cells per
gram powder or of 108 cells per litre have been attained.
Under on-farm storage conditions, the product should allow
maximum stability and ensure extended shelf life. However,
product storage guidelines should be realistic in terms of
acceptable farming management systems. Biocontrol prod-
ucts requiring specific storage conditions may be at risk in
terms of inconsistent product performance. The storage
temperature for Avogreen could range between 5°C and
25°C. However, of greater importance is that biocontrol
products should not be stored near harmful chemicals (pes-
ticides etc.), which may affect viability. With the new
Eurepgap requirements for chemical storage facilities it
might be advisable to include a special section for biocontrol
products in the chemical store that can ensure some form of
protection for the product.
Quality control
Rigorous quality control of commercial biocontrol products
by an independent accredited body (ISO 17025) is essential
to ensure ultimate product performance. These tests should
include not only determination of viable propagule counts,
but also whether the product contains the right organism and
if contaminants are present. Currently, the National
Department of Agriculture, Plant Protection Research
Institute (PPRI) Pretoria has the capacity to do such quality
control checks as well as the Plant Pathology Laboratories,
University of Pretoria, which is the only ISO 17025 accredit-
ed facility in Africa for such test methods.
Marketing
Marketing of biological control products requires specialist
knowledge in the fields of biological and integrated plant dis-
ease control and microbial ecosystems. The effectiveness of
implementing biocontrol or integrated systems will largely
depend on product knowledge and a thorough understand-
ing of the complexity of managing biological systems.
Marketing agents will have to provide on-line services and
continuous grower supervision until biocontrol has been well
established. Selling the product and the knowledge will be
the only effective way of ensuring long-term market accept-
ance. In order to ensure that companies have appropriately
qualified personnel out in the field to provide backup servic-
es it might be advisable to establish a biocontrol academy of
science that can supply the required training. Such a system
of registered and trained representatives exists for the
chemical industry and should be extended to include bio-
control product sales. These aspects are often overlooked
when developing a research and commercialisation
approach.
Concluding Remarks
Global dynamics in terms of environmental awareness, food
safety, Good Agricultural Practices (Eurepgap) and food
security have resulted in a major shift in industry and gov-
ernment in terms of disease control strategies. Never before
have the opportunities, challenges and support to develop
alternative disease control strategies been greater than in
the new millennium, particularly for the African continent with
its unique challenges of sustainability. Research grants are
now more readily awarded to major biocontrol programmes
with the hope of delivering a safer alternative disease con-
trol option. These products will soon be introduced on a
large scale within global markets. This will require extensive
technical support and a thorough understanding of microbial
ecosystems. The question remains: will the regulatory
framework and capacity be in place to deal effectively with
new, alternative methods of disease control, particularly in
the African continent?
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